Bats at northern latitudes may hibernate for up to 8 months during winter and must subsist on stored fat over this period. Environmental influences on bat emergence from hibernation are not well understood, and the degree to which bat emergence coincides with availability of their insect prey is not known. We used electronic detectors to monitor bat activity from 2001 to 2013 at a major hibernaculum, used primarily by Myotis lucifugus, in Wisconsin. We estimated dates of entry into hibernation in fall and recorded bat activity as bats emerged in spring over this 13-year period. Temperatures outside and inside the mine and airflow at the mine entrance were measured. Night-flying insects were monitored during spring from 2008 to 2013. Bat activity in spring was most strongly associated with warmer temperatures outside of the mine and was also correlated with airflow in the mine entrance. Changes in airflow were driven by temperature differentials between the mine and outside, and could serve as a signal for outside temperatures to bats inside of the mine. Insect abundance was also positively correlated with warmer outside temperatures. However, bat activity peaked before insects started to become abundant. Over the 13 years of the study, the date at which 5% of bat activity for the season was reached ranged from 10 April to 20 April, and for 50% of bat activity for the season the range was from 28 April to 4 May. The date of 5% bat activity for the season was not correlated with the date of entry into hibernation the previous fall, mean winter temperatures inside or outside of the mine, or the degree days (base 0°C) inside or outside of the mine. Our study was conducted before white-nose syndrome was documented in Wisconsin, thus our study documents hibernation behavior of healthy bats.
The cold temperatures of winter can be challenging for endothermic animals, because of the food required to fuel maintenance of high body temperatures. Hibernation is one strategy used by many mammals to reduce energetic demands during winter, when food is often scarce (Lyman et al. 1982; Geiser 2013) . Hibernating mammals can lower their body temperature to near ambient conditions for several days to weeks at a time. Over the course of the winter, hibernators arouse periodically to normal body temperatures (Lyman et al. 1982) . Most hibernating mammals do not forage, but instead rely on stored body fat or food caches; some species can subsist on stored fat for 8 months or more (Humphrey 1982; Geiser 2013; Ruf and Geiser 2015) . The timing of emergence in spring is critically important as animals need to emerge early to resume feeding and begin preparing for the reproductive season, but emerging too early could expose them to cold temperatures and/or lack of food (Frick et al. 2010b; Lane et al. 2011; Norquay and Willis 2014) . While hibernation has been documented in 11 mammalian orders (Ruf and Geiser 2015) , most work to date on phenology of hibernation has focused on the squirrel family (Sciuridae, Rodentia-Williams et al. 2014) . Temperate zone bats feed on insects, which are not available during winter at northern latitudes, so insectivorous bats must hibernate or migrate to cope with this seasonal food shortage (Perry 2013) . Although bats are well represented among mammalian hibernators (Ruf and Geiser 2015) , few studies to date have examined phenology of emergence from hibernation in wild bats (but see Norquay and Willis 2014) , and long-term patterns of bat hibernation have not been well described.
It is not currently known to what extent bat emergence from hibernation is timed to coincide with availability of their insect prey in early spring. The degree of synchronicity between bats and the insects that they feed on when bats are emerging from hibernation is a concern because changes in climate may affect bats and insects differently. Rising global temperatures are leading to earlier springs, with consequences for a wide array of plants and animals and high potential for mismatches between interacting species (reviewed by Donnelly et al. 2011 ). Predictions about how warming climates will affect bats as they emerge from hibernation require an understanding of how environmental variables influence bat activity in spring, but the environmental cues that bats may use to detect the arrival of spring are not known. Temperate zone bats hibernate in caves and mines, which vary in characteristics such as size, depth, and number of entrances (Perry 2013) . The best sites for hibernation have high humidity and stable temperatures that remain within a relatively narrow range, from 2°C to 10°C (Perry 2013) . However, these same stable temperatures that support successful hibernation may also limit the ability of bats to detect warming temperatures outside that signal the arrival of spring. In some caves and mines, temperature differentials between the inside and outside drive changes in the strength and direction of air flow through the hibernaculum (Perry 2013) . Bat activity in early spring could therefore potentially be influenced by temperatures outside of the hibernaculum, inside the hibernaculum, or changes in airflow. Bats may also have the ability to detect barometric pressure, which could be another environmental signal available to bats in the interior of a cave or mine (Paige 1995; Bender and Hartman 2015) . The influence of these environmental variables on bat activity in early spring, as they emerge from hibernation, has not been well explored.
Studies documenting bat behavior during hibernation are also critically needed now because of the advance of white-nose syndrome (WNS), an emerging disease that attacks hibernating bats. First detected in 2006, it is caused by a cold-adapted fungus, Pseudogymnoascus (Geomyces) destructans, which grows on exposed skin of bats during hibernation (Gargas et al. 2009; Lorch et al. 2011; Minnis and Lindner 2013) . WNS has caused massive declines in bat populations in the areas where it occurs, with decreases of 30-99% annually observed at infected hibernacula (Frick et al. 2010a ). The fungus is believed to cause mortality by increasing the duration and/or frequency of bat arousals during hibernation, thereby depleting their fat reserves prematurely. Bats lacking sufficient fat to survive the winter may leave the hibernaculum early in search of food and ultimately die of starvation (Foley et al. 2011; Warnecke et al. 2012) . However, WNS has complex effects on bat physiology and the mechanisms that cause mortality are not fully understood (Willis 2015) . Baseline data that reflect bat hibernation phenology and hibernaculum conditions in areas not yet affected by WNS are important to preserve a record of behavior of healthy bats.
We report here on a long-term study that examined bat emergence from hibernation in spring from 2001 through 2013. We used electronic detectors to record bat activity at the Neda Mine Bat Hibernaculum, an abandoned iron mine located near Iron Ridge in Dodge Co., Wisconsin. The mine supports about 140,000 wintering bats, making it among the largest hibernacula in the Midwest (Rupprecht 1980; Tuttle 1996; Redell 2005) . The vast majority of bats using the mine are Myotis lucifugus (97%), although M. septentrionalis, Perimyotis subflavus, and Eptesicus fuscus are found in smaller numbers (2%, 0.6% and 0.6%, respectively-Rupprecht 1980). Our study period included the warmest spring on record for Wisconsin in 2012 (Ellwood et al. 2013 ) and predates the arrival of WNS in Wisconsin. WNS was first discovered in Wisconsin in March 2014 in a single mine approximately 200 km from Neda Mine (Wisconsin DNR 2014), and the fungus was found at Neda Mine the following year (Wisconsin DNR 2015) . Therefore, our data represent behavior of healthy bats. To examine whether bat emergence coincides with availability of their insect prey, we trapped insects at night during the period in spring when bats were emerging from hibernation. Our objectives were to: 1) describe patterns of bat and nocturnal aerial insect activity in spring and assess how environmental variables correlate with activity for both bats and insects; and 2) document interannual patterns in bat hibernation behavior, including dates of entry into hibernation in fall and emergence in spring, and assess whether environmental variables serve as triggers for emergence in spring. The environmental variables that we measured were temperatures inside and outside of the hibernaculum, airflow in and out of the hibernaculum, and barometric pressure. We made the following predictions: 1) temperatures inside the mine would be too stable to serve as a cue for bat activity, and that activity would be more strongly associated with temperatures outside of the mine and/or airflow; 2) bat activity would be correlated with insect activity and that bat emergence would coincide with high numbers of their insect prey; and 3) the timing of emergence from hibernation would be related to temperature, with bats emerging earlier in years with warmer winters. To our knowledge, this is the 1st long-term (> 10 years) study of bat phenology during spring emergence, and the first to examine phenology of bats in relation to insect emergence in spring.
Materials and Methods
Study site.-Neda Mine has 4 entrances plus an airshaft, and about 6.5 km of tunnels (Supplementary Data SD1). The 4 horizontal entrances to the mine provided access to an ironrich vein at the base of the Niagara Escarpment, and the 2-m 2 airshaft was excavated into the interior of the mine to provide ventilation. The entrances to the mine and airshaft were fitted with bat-friendly gates in 1995-1996, at which time all other entrances that might provide human access to the mine were closed with limestone rubble. A 1.5-m-diameter and 27-m-long culvert was installed at the main entrance to the mine at this time to ensure the stability of the main air intake into the mine. This culvert at the main entrance is the lowest horizontal entrance to the mine. The configuration of entrances and airshaft gives the mine a chimney-type structure for air flow, which is common in caves and mines (Redell 2005; Perry 2013 ). In winter, the temperature in the mine is warmer than outside. The warm air rises through the airshaft and cooler air is drawn in through the 4 entrances, all of which are lower than the airshaft. In summer, the air is cooler inside than out, and the cool air flows out of the mine through the 4 entrances. In spring and fall, the direction of airflow at the entrances fluctuates as outside temperatures are not consistently warmer or cooler than mine temperatures.
Bat activity.-The Neda Mine is used primarily as a hibernaculum by bats. Female M. lucifugus emerge before males in spring, and migrate to other sites to form maternity colonies to raise young. Small numbers of males may remain at Neda Mine after hibernation, but most disperse to summer sites where they roost separately from the females (Fenton and Barclay 1980; Rupprecht 1980) . M. lucifugus males and females return to Neda Mine in late summer, where they engage in swarming activities prior to actually entering the hibernaculum for the duration of the winter. During swarming, bats may enter the hibernaculum during the night and engage in mating and other activities, but do not necessarily remain at the hibernaculum during the day (Fenton and Barclay 1980; Rupprecht 1980) . While mating mostly occurs during swarming and to a lesser extent during winter arousals, fertilization does not occur until the female bats leave the hibernaculum in the spring (Fenton and Barclay 1980) .
Bat activity was monitored from 2001 to 2013 using an infrared photo beam-break detection system (Redell et al. 2006) . Bats primarily enter and exit the mine through the 4 entrances, and each of these entrances was fitted with detectors. Bats may also fly through the airshaft or access the mine via smaller openings (Redell 2005) . Bat movement through the airshaft or small openings was not monitored, but the majority of bat movement was through the 4 monitored entrances, and we assume that patterns over time at unmonitored entrances were similar to those seen at the monitored entrances. The detectors were designed to be directional, recording whether a bat was entering or leaving the mine. However, the detectors were not calibrated to determine the proportion of bats entering and leaving at each entrance that were counted in each year, so the counts from the detectors could not be reliably translated into an absolute number of bats. The counts for bats moving into and out of the mine were summed for each night for the analyses presented here. These detectors also cannot distinguish between multiple bats moving through the entrances and a single bat that moves in and out several times. The data presented here therefore represent relative levels of bat activity per night rather than absolute measures of bat numbers.
The total number of bat flights was recorded every 5 min and then these 5-min periods were summed over each night (1800-0600 h) for analysis. The 5-min counts were examined and spurious counts were deleted before nightly sums were calculated. To identify spurious counts such as those generated by electrical activity from thunderstorms, we added a detector to the system that was identical to the other detectors except that it was shielded so that it could not generate counts from bats. Periods when this shielded detector showed counts were removed from the data set. On rare occasions, condensation on the lenses of the detectors also generated spurious counts. These were easily recognized because they appeared as unreasonably large numbers occurring abruptly in the data set. Overall, only about 1.2% of the 894,940 total 5-min periods recorded over the 13-year study was removed as spurious.
Bat activity was examined both during the fall, to estimate when hibernation began, and in the spring, to record activity patterns as bats emerged from hibernation. There were 13 years of data for the spring period and 11 years for fall, because the detectors were not working for fall 2007 and the study did not extend into fall 2013. The fall period was defined as starting at the autumnal equinox (22 or 23 September) and running into mid-November (14 or 15 November, depending on the date of the equinox). The spring activity period started with the spring equinox (20 or 21 March) and ended on 31 May or 1 June (depending on the date of the equinox). The relative activity for each night within each fall and spring period was calculated as the percentage of the total activity for that season. Dates of entry into hibernation were defined as the days in each fall that cumulative bat activity reached 95% and 99% of the total for the season. Hibernation was thus defined as starting when most of the bats were in the mine and there was no longer much movement through the entrances. Dates of emergence in spring were defined as the days in each spring that cumulative bat activity reached 5% and 50% of the total for the season. The 5% date represented the start of emergence in spring, and the 50% represented the midpoint of spring activity. The length of the hibernation period was calculated from the date of 95% cumulative activity in autumn to 5% emergence in spring.
Insect abundance.-A suction trap was used to sample nightflying insects (Southwood 1984) . The trap was placed in an open area at the University of Wisconsin-Milwaukee (UWM) Field Station in Saukville Wisconsin, approximately 42 km east of Neda Mine. The entrance to the trap was at 0.9 m above the ground. The trap ran from 1800 to 0600 h, so that only insects flying at night were captured. Insects were collected during spring from 2008 to 2013. Collection began between 31 March and 6 April in most years, except for 2008 when collection started on 7 May, and 2012 when collection began on 21 March because of an exceptionally warm spring. Insects were collected through 31 May or 1 June in all years. The trap was usually emptied each morning. Insects were identified to order and to suborder within the Diptera (Nematocera and Brachycera). On some occasions, particularly early in the spring, the trap was emptied after 2-3 nights of sampling, and collections from the multiple nights were pooled. These pooled nights were used to tally numbers of insects within each taxon trapped over a season but were not used in analyses that required data from individual nights.
Environmental variables.-Temperatures inside of Neda Mine were monitored from 2001 to 2013 using battery-powered HOBO data loggers (Onset Computer Corporation, Bourne, Massachusetts, accurate to about 0.8°C) at 3 locations inside of the mine: at the lowest entrance to the mine, in the middle interior of the southern part of the mine, and in the middle interior of the northern part of the mine (Supplementary Data SD1). The data loggers (including their sensors) were enclosed in water-proof cases to protect them from high humidity within the mine and the cases were hung from the ceiling of the mine. There was a single data logger at each location from 2001 until summer 2009. In August of 2009, a 2nd data logger was added to the same case at each location, and the data from the 2 data loggers were averaged for analysis. To monitor outside temperatures, 2 data loggers were placed outside of the mine. These data loggers were also in cases to protect them from the weather. One was placed near the lowest entrance to the mine and the other was at a high point outside of the mine, near the airshaft. Data from the 2 outside data loggers were averaged for analysis. All data loggers recorded the temperature every 4 h and 48 min. Outside temperatures at the mine were also monitored using a copper-constantan thermocouple. The thermocouple was placed near the lowest entrance to the mine and recorded temperatures every 30 min. Mean, maximum, and minimum temperatures were calculated for each calendar day (24-h period, running midnight-midnight). Mean temperatures for daytime (0600-1800 h) and nighttime (1800-0600 h) were also calculated.
An anemometer (RM Young) was placed inside the lowest entrance to the mine to record the velocity and direction of air flow (measured in m/s). Airflow was measured during the spring from 2001 to 2013, with the exception of 2004 and 2011 when no airflow data were collected. There were also some missing days in other years when the anemometer was removed for maintenance. Data on airflow were recorded every 30 min, and means for day and night were calculated.
Barometric pressure data (SBP270 Barometric Pressure Sensor) collected on a 30-min interval were obtained from a weather station located at the UWM Field Station, about 42 km east of the mine. Mean barometric pressure was calculated for each calendar day, and for day and night, and used in analyses for both bat and insect activity. The UWM Field Station weather station also recorded temperature data (Campbell Scientific CS500 Temperature and Relative Humidity Probe) on a 30-min interval. Nightly air temperatures (1800-0600 h) were calculated and used in analyses relating to insect activity, because the insect trap was located there. Outside temperatures at Neda Mine were highly correlated with temperatures measured at the Field Station (r 952 = 0.95, P < 0.0001).
Data analysis.-We took 2 general approaches to data analysis. First, we looked for associations between bat and insect activity and environmental variables while controlling for seasonal changes. This was necessary because all of the environmental variables that we measured showed significant changes over the spring period (see "Results"), so changes in environmental variables were confounded with the progression of spring, or the calendar date. These analyses show how bat and insect activity is related to environmental variables independently of seasonal changes. Second, we examined interannual patterns in bat behavior to detect seasonal effects. These analyses show year-to-year variability in dates of emergence of bats from hibernation, and test for associations with longer term environmental variables such as warmer winters.
To examine patterns of bat activity in the spring with seasonal changes controlled, the mean bat activity on each night during the spring emergence period was calculated across the 13 years of data. Thirteen-year means for the environmental variables were calculated as well (outside temperature at the mine, inside temperatures at the 3 locations in the mine, airflow at the mine, and barometric pressure at the Field Station). Linear regressions were used to test whether the environmental variables were changing over the spring period, where the independent variable was Julian date and the dependent variable was the 13-year mean for each environmental variable. To remove the effect of day of year and address how bat activity was independently affected by environmental variables in spring, the deviation from the 13-year mean was calculated for each night during the spring emergence period for bat activity. The deviation from the 13-year mean was also calculated for each of the environmental variables, for both night and day. We used Pearson correlations to test for relationships between the deviation from the mean in bat activity and the deviation from the mean for the environmental variables, using all 13 years of data. For example, if bat activity is higher than expected on nights that are warmer than expected (based on the 13-year means for particular nights), then this analysis will reveal a positive correlation between the deviation from the mean in bat activity and the deviation from the mean in temperature. We tested for correlations between bat activity and outside temperature, temperature at the mine entrance, airflow at the mine entrance, and barometric pressure. We did not test for correlations between bat activity and temperatures in the mine interior, because there was little variation in the interior mine temperatures.
Analyses for insect abundance were run using the total number of insects collected on each night. While a diversity of insects were collected (see "Results"), the majority (73%) were in the Diptera, suborder Nematocera. Nematocerans are a major component of little brown bat diets (Anthony and Kunz 1977; Humphrey 1982; Clare et al. 2011) , and there was a strong correlation between the total number of insects collected per night and the number of nematocerans collected per night (r 266 = 0.97, P < 0.0001). To determine how insect activity in spring was affected by temperature and barometric pressure, we used the same approach described above for bats. We calculated a mean insect abundance for each night in spring across all of the years that were sampled and also calculated mean temperatures and mean barometric pressure for each day (0600-1800 h) and night (1800-0600 h). We then ran Pearson correlations for the deviation from the 6-year mean for insect numbers and the deviations from the mean in temperature and pressure. We used a Pearson correlation to examine whether bat activity in spring was associated with insect abundance. To remove strong seasonal variation in the activity of both bats and insects, we also ran this correlation with standardized variables. The standardized variables were calculated by dividing the deviation from the mean for each night by the SD.
To examine interannual patterns in the timing of bat emergence from hibernation, we used the date of 5% cumulative bat activity in each year to define the date when bats began to emerge in spring. We used Pearson correlations to look for associations between this emergence date and other variables. We examined correlations between spring emergence date and the dates of entry in hibernation the previous fall (dates at which cumulative bat activity reached 95% and 99% of the total for the season). We also ran correlations between the emergence dates in spring and both the mean winter temperature and degree days. Mean winter temperatures were calculated for the period from 1 November to 31 March for outside the mine and at the 3 locations inside of the mine. We calculated degree days over the winter in each year as the sum of the number of degrees by which the mean temperature on each calendar day exceeded 0°C, for the period 1 November-31 March (for outside and the 3 locations inside the mine).
Analyses were run in R version 3.0.0 (R Core Team 2013). Analyses were judged to be significant at P < 0.05, and the Holm method (Holm 1979) was used to adjust P-values for multiple comparisons (when at least 1 P-value was deemed significant).
results
Patterns of bat and insect activity in spring.-Across the 13 years of the study, bat activity began in early April, peaked in late April and fell off by late May (Fig. 1a) . Day-to-day variability was high, particularly during the period when bats were most active.
The majority of insects collected over all 6 years of sampling were Diptera (7,094 specimens, for 78.1% of the total). Of these, 95% were in the suborder Nematocera and only 5% were in suborder Brachycera. Coleoptera were next most abundant, at 11.5% of the total. They were followed in abundance by Lepidoptera (5.8%), Hemiptera (3.0%), and Hymenoptera (1.1%). Six other insect orders were sampled (Neuroptera, Thysanoptera, Trichoptera, Orthoptera, Plecoptera, and Psocoptera), but each of these orders accounted for less than 1% of the total insects collected. Insects were flying at night even in early spring, as small numbers of insects were collected on some nights early in the season, although there were many nights in early spring when no insects were captured. Insects were collected as early as 21 March in 2012, when trapping was started earlier than usual because of an unusually warm spring. Insect numbers did not show a steady and consistent rise until late April (after day of year 115, corresponding to 25 April; Fig. 1b) .
As expected, temperatures outside of the mine showed strong and consistent warming over the spring period, in spite of dayto-day variability. In contrast, the degree and direction of temperature change inside the mine depended on position in the mine (Fig. 2a) . The entrance to the mine showed the strongest warming for inside the mine, but increases over the spring were very modest compared to outside. Regressions relating temperature change to day of year in spring showed that temperatures outside the mine increased on average by 0.178° each day in spring, while temperatures at the mine entrance increased by only 0.026° each day in spring (Table 1) . Temperatures in the north interior of the mine also increased significantly over the spring, but only by an average of 0.016 degrees per day, a 10-fold lower change in temperature compared to outside of the mine. Temperatures in the south interior of the mine were the warmest and the most stable over the spring period. Temperatures here actually decreased significantly over the spring period, but the change was only an average of −0.004 degrees per day ( Fig. 2a ; Table 1 ). Barometric pressure showed a significant decline over the spring, although the regression on Julian day explained much less of the variability for barometric pressure than for temperatures (Table 1) .
The warming temperatures outside of the mine in spring caused changes in the strength and direction of airflow in the mine. Air flowed into the lowest entrance of the mine when outside temperatures were colder and flowed out of the lowest entrance at warmer outside temperatures (linear regression results: airflow = −0.31 + 0.049 temperature, adjusted R 2 = 0.49, N = 769, P < 0.0001; Fig. 3 ). As outside temperatures warmed in spring, nightly airflows increased (Fig. 2b) . Mean nightly airflows over the study period were variable, but air generally flowed into the mine early in spring and was consistently flowing out of the mine by the end of the spring emergence period.
Bat activity was correlated with temperatures outside of the mine, while temperatures inside the mine were not correlated with bat activity (Table 2 ; Supplementary Data SD2). Bat activity was most strongly associated with outside temperatures during the day preceding emergence at night, with more bat activity seen on nights following days that were warmer than the 13-year average. Bats also showed higher activity on nights that were warmer than average, although the correlation was slightly weaker. Airflow was also correlated with bat activity, but here the correlation was stronger at night than during the day (Table 2 ; Supplementary Data SD2). Bats flew more on nights that had higher positive airflow (out of the mine) than average, which would indicate warmer outside temperatures Table 1 .-Regressions relating temperatures (recorded outside of the mine and at 3 locations inside the mine) and barometric pressure to day of year over the spring emergence period. Temperatures (°C) and barometric pressure (mbars) were expressed as the mean value for each day (24 h) over the 13-year study. Day 79 shows the temperature at each location and barometric pressure at the start of the bat activity period in spring. -Associations between environmental variables and bat activity in spring. Pearson correlations between the deviation from the mean bat activity on each night in spring with the deviation from the mean for each environmental variable in spring, with significant correlations in bold. Bat activity was calculated for each night (1800-0600 h), night environmental means from 1800 to 0600 h, day means calculated from 0600 to 1800 h for the day preceding nightly bat emergence. P-values adjusted for multiple comparisons using Holm's correction (Holm 1979 ( Fig. 3) . There was no association between bat activity and barometric pressure, either at night or during the day. Like the bats, insects were more likely to fly both on nights that were warmer than average and on nights following days that were warmer than average and were not influenced by barometric pressure (Table 3 ; Supplementary Data SD3). When seasonal variation in overall bat activity and insect abundance was removed by using standardized variables, bat activity and insect abundance were correlated (r 244 = 0.24, P < 0.0001). However, when nonstandardized numbers were examined, there was no correlation between bat activity at night and insect abundance (r 260 = −0.09, P = 0.15). This was because the phenology of insect emergence was later than that of the bats: the highest numbers of insects at night occurred later in the spring emergence period, when bat activity was declining ( Fig. 1;  Supplementary Data SD4) .
Interannual patterns in bat emergence from hibernation.-The timing of bat emergence from the mine in the spring was remarkably constant from year-to-year. Over the 13-year study, the date at which 5% of bat activity for the season was reached ranged from 10 April to 20 April. The range for the date at which 50% of bat activity for the season was reached was even narrower, from 28 April to 4 May (Fig. 4a) . Dates of entry into hibernation were somewhat more variable (Fig. 4b) . The date at which 95% of the activity for the season had occurred ranged from 14 October to 1 November, and 99% of bat activity had occurred from 30 October to 11 November. The average length of the hibernation period was 175 ± 5.31 days over the 13-year period (mean ± SD, range = 166-183 days). There were no significant correlations between the dates that bats entered hibernation in fall and the timing of emergence in the spring (P-values > 0.19, uncorrected for multiple comparisons).
Winter temperatures (1 November-31 March) over time were warmer and more stable inside the mine compared to outside, with similar patterns seen for both the mean winter temperature (Fig. 5a ) and the sum of the degree days over the winter (Fig. 5b) . Mean winter temperatures were generally below freezing outside of the mine (except for the winters of 2001-2002 and 2011-2012) , while mean winter temperatures inside the mine ranged from 4.0°C to 8.5°C and showed little year-to-year variability. Temperatures inside the mine remained within a 10° range at all 3 locations across the 13 years of the study (minimum and maximum temperatures recorded over the 13 years: mine entrance 1.1-10.2°C, north interior 3.3-9.4, south interior 5.3-9.5). Temperatures outside of the mine showed a 68.2°C range over the same period (minimum and maximum temperatures recorded outside over 13 years: −30.6 to 37.6°C). There were no significant correlations between the timing of bat emergence in spring and winter temperatures (correlations between the date of 5% bat activity and mean temperatures inside and outside the mine, and degree days inside and outside the mine all had P-values > 0.13, uncorrected for multiple comparisons).
discussion
Our 1st prediction, that bat activity would be more strongly associated with temperatures outside the mine and/or airflow than with temperatures inside the mine, was supported. It is likely that temperatures deep inside the mine are too stable to Table 3 .-Associations between environmental variables and insect abundance in spring. Pearson correlations between the deviation from the mean insect abundance on each night in spring with the mean deviation for each environmental variable in spring, with significant correlations in bold. Nights ran from 1800 to 0600 h, day means calculated from 0600 to 1800 h for the day preceding each night of insect collection. N = 260 for all correlations. P-values adjusted for multiple comparisons using Holm's correction (Holm 1979) . Scatterplots for significant correlations shown in Supplementary Data SD3. Timing of bat emergence from hibernation in spring. Number of days following the spring equinox for which 5% or 50% of the total activity for the spring emergence season was reached. b) Timing of bat entry into hibernation. Number of days following the autumnal equinox for which 95% or 99% of the total activity for the autumn season was reached.
serve as a cue for bat activity, as they showed little change over the spring period. Temperatures at the mine entrance were more variable, but even here changes over the spring were very small compared to the outside temperatures, and we could not detect a significant correlation with bat activity. Our results suggest that airflow in the mine can provide a signal to bats in the mine about air temperatures outside, as the strength and direction of air flow at the mine entrance was strongly related to temperature differentials between the mine and outside, and airflow was correlated with bat activity in our analyses. Other research has shown that bat activity is related to outside temperatures during spring emergence (Whitaker and Rissler 1992; Berkova and Zukal 2010; Hope and Jones 2013) , but fewer studies have examined the effects of airflow. Neda Mine has a chimney effect and a strong seasonal change in airflow, with airflow direction reversing during the period that bats are emerging. Whether or not airflow could serve as a reliable cue for bats at other sites would depend on the configurations of the caves and mines where they hibernate (Perry 2013) . Other studies have shown that bats respond to barometric pressure (Paige 1995; Berkova and Zukal 2010; Bender and Hartman 2015; Czenze and Willis 2015) , but we did not see any influence of barometric pressure in this study.
Our 2nd prediction, that bat activity would be correlated with insect activity and that bat emergence would coincide with high numbers of their insect prey, was partially supported. Both bats and insects were more active on nights that were warmer than average, but our results clearly showed that the peak of bat activity occurred well before insect numbers started to climb. Winters at our study site are long and cold, with temperatures that are typically below freezing outside of the mine. Most insects enter diapause to pass the winter and then become active again in spring when the weather warms up. The cues that insects use to break diapause are complex and differ across species, but include temperature and photoperiod (Gullan and Cranston 2010) . Insect numbers build as spring progresses as the triggers to break diapause are reached in different species, and as insects that overwintered in egg or immature stages resume development and reach the adult, flying stages. Our data show that small numbers of insects can be active even early in spring, when outside temperatures are warm enough. Bats exiting the mine likely are foraging and finding insects, but they emerge before the higher insect abundances that occur later in the spring. In M. lucifugus, adult females emerge from hibernation before males and subadults (Davis and Hitchcock 1965; Fenton 1970; Norquay and Willis 2014) . Earlier emergence of females is thought to reflect selective pressures to arrive at maternity colonies early, which can enhance offspring survival (Frick et al. 2010b; Norquay and Willis 2014) . It is also likely that females time their arrival at maternity colonies to coincide with high insect abundance. Bats may travel long distances, even hundreds of kilometers, when moving from hibernacula to summer colonies (Davis and Hitchcock 1965; Humphrey 1982; Norquay et al. 2013) . The Neda Mine is an exceptionally large hibernaculum that attracts bats from a large area, so bats leaving Neda Mine may need to travel far to reach a maternity colony. By leaving Neda Mine before insect numbers build, bats may be allowing time to travel to maternity colonies, so that they arrive and can begin having young when insects are most abundant. It seems likely that the lack of a relationship between bat activity and insect activity would only apply to very early spring, when bats are leaving the hibernaculum. Other studies have shown that bat activity coincides with insect activity when bats are at their summer colonies (Anthony et al. 1981) .
Our 3rd prediction, that the timing of emergence from hibernation would be related to temperature, was not supported. The interannual patterns in hibernation phenology were very stable over the 13 years of our study. The date of 5% cumulative activity occurred within a relatively narrow window of time and did not seem to be heavily influenced by external variables. None of the variables that we tested in this study, including dates of entry into hibernation in fall and temperatures over winter, were correlated with the timing of early emergence in spring. This finding is remarkable because our study period included the spring of 2012, which was the warmest on record over a large region, including Wisconsin (Ellwood et al. 2013 ). There was no suggestion from our data that bat emergence was any earlier in 2012 than in any other year, in contrast to a number of spring-flowering plants that set records in 2012 for the earliest flowering dates ever recorded (Ellwood et al. 2013) . We suspect that insects did respond to the warm temperatures in 2012, but our data are not sufficient to show this since we did not generally begin trapping until April, and only started in March 2012 because of the unusual temperatures. The cues that bats use to emerge from hibernation are not fully understood (Czenze and Willis 2015) . During hibernation, bats periodically arouse from torpor and activity is associated with these periods of arousal (Fenton 1970) . Bats that hibernate in milder climates where there is the potential for insect activity during winter arouse at sunset, which allows for foraging outside of the hibernaculum (Park et al. 2000; Hope and Jones 2013) . In cold northern climates, the timing of arousals changes over the winter. During the depth of winter, when it is too cold for insect activity, the circadian rhythm is lost and arousals can occur at any time. As spring approaches, the circadian rhythm is re-established and bats generally arouse around sunset (Czenze et al. 2013; Czenze and Willis 2015) . It is not clear what triggers this change in arousal behavior. Bats hibernating deep inside a cave or mine may not be able to detect photoperiod, but bats may move closer to the entrances as spring approaches, where photoperiodic cues would be more accessible (Czenze and Willis 2015) .
Our data represent phenology of the bat population in the mine, not the responses of individual bats. Studies that have tracked individual bats have found that both sex and body condition influence when bats emerge from hibernation. For M. lucifugus hibernating in Manitoba, Canada, Norquay and Willis (2014) found that adult females emerged earlier than adult males or subadults, and that females in better body condition emerged earlier.
Undoubtedly sex and fat stores of individual bats also influenced emergence timing in our study. In addition, although the vast majority of the bats at Neda Mine are M. lucifugus, 3 other species of bats hibernate in the mine in smaller numbers (M. septentrionalis, P. subflavus, and E. fuscus, see "Introduction"). Our detectors also could not differentiate between a bat that exited the mine and did not return from bats that might have flown in and out of the mine multiple times before leaving for good. These factors all increase the variability of our estimates of when bats emerged from hibernation, making the generally narrow window that we found for the start of spring emergence even more unexpected. Our finding that bats entered hibernation in late October into November and began emerging in mid-April is well within the range known for M. lucifugus (Fenton and Barclay 1980) , but the hibernation duration that we calculated is shorter than the 230-240 days reported by Norquay and Willis (2014) . Our site is more southern than the cave they studied in central Manitoba, but our estimate based on the entire population is also likely to be lower than the hibernation duration for any individual bat. We tracked hibernation duration from the last bats to enter hibernation in the fall to the 1st bats to emerge in the spring. Norquay and Willis (2014) show that adult males are active later in the fall than adult females, and that adult females emerge before adult males or subadults.
Most work to date on the emergence phenology of other mammalian hibernators has focused on sciurid rodents (particularly marmots and ground squirrels) and has shown stronger responses to environmental conditions than those reported here (Inouye et al. 2000; Ozgul et al. 2010; Lane et al. 2012; Tafani et al. 2013 ). Both spring temperatures and snow melt affect phenology of marmots and ground squirrels, with emergence advanced by warmer spring temperatures and delayed by later snow melts (Inouye et al. 2000; Lane et al. 2012) . These altered phenologies in response to changing spring conditions have had both beneficial and detrimental effects. For example, warmer springs have allowed yellow-bellied marmot (Marmota flaviventris) females to emerge and give birth earlier. This accelerated phenology gives them and their offspring more time to accumulate a greater body mass before entering hibernation in the fall and can result in population increases (Ozgul et al. 2010) . However, climate change may also lead to thinner snow cover in winter, which has negatively affected populations of the alpine marmot (Tafani et al. 2013) . While the effects of climate change on these rodents are complex, plasticity in behavior does allow them to respond to changing conditions and to take advantage of earlier springs when possible. Bats seem to be less responsive to environmental conditions in spring, perhaps because they are more buffered from the weather when hibernating deep inside a cave or a mine. The results reported here suggest that they would be less likely to advance their phenology in response to warming spring temperatures than the sciurid rodents that have been studied. However, our results also show that while insects are available when bats begin emerging, bats do not seem to be timing their emergence to correspond with peak numbers of night-flying insects. Since bats emerge before night-flying insects become abundant, they do not rely on high insect availability in early spring. Therefore, even if bats show a less-flexible response to warming temperatures than their insect prey, they are still likely to be able to find sufficient insects when they emerge from hibernation. Our results suggest that bats would be much more vulnerable to advances in their phenology without a corresponding change in insect phenology, since they emerge before their insect prey has become abundant. This is precisely what we are seeing today with white-nose syndrome, where the fungal disease causes bats to emerge earlier from hibernation than normal with devastating effects (Warnecke et al. 2012) .
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